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PJa t i oaa l  Aeronautics and Space Addnistration 
Levis Research Center 
Cleveland, Ohio 44135 
As par t  of r cantinuing e f f o r t  t o  develop t e e d  barrier systems 
for  advanced a i r c r a f t  gas turbine engine carponents, systems consist ing 
of Eli-base boad coatings containhag about lKr, 6A1,  and from 0.15 t o  
1.08Y ( a l l  i n  w t .  X )  and zirconium oxide layers  containing f r a  4.0 t o  
24. 4Y203 ( in  w:. X )  - e r e  evaluated. The evaluations were done i n  a 
cycl ic  furnace between 990' - 280° C and 1 0 9 5 ~  - 280° C on so l id  s p e d -  
atens; i n  a natura l  gas-oxygen torch r i g  between about 120O0 - 10O0 C on 
sol id specimens and up t o  1 5 8 0 ~  C surface temperatures on air-cooled 
blades; and i n  a Xach 1.0 burner r i g  up t o  15700 C surface temperatures 
on air-cocled blades. 
The data indicate tha t  the best thermal ba r r i e r  systems consisted 
of combinations involving the  Ni-16.4Cr-5.W1-0.15Y and Ni-17.0Cr- 
5.4AZ-0.35Y bond coatings and the  6. 2Y203- and 7.9Y2O3- ( a l l  i n  w t .  X )  
s tabi l ized  zirconium oxide layers. In furnace cycl ic  tests these  
0 
thermal barr ier  systems withstood 1500 1-hour cycles between 990 - 
280° C and over 100 1-hour cycles between 1095' - 280' C. In a na tura l  
gas-oxygen torch r i g  these systems on s o l i d  specimens withstood approx- 
imately 590 t o  790 1-hour cycles between 120O0 - 100' C. On air-cooled 
b l d c s  the  BiCrA1-O. l!iY/~rO -6.2Y203 (in w t .  X )  at  1%' C surface 
t-ature and the  N ~ c ~ A ~ - O . ~ S Y / Z ~ O  -7.9303 (in wt .  %) at 1550' C 
surface temperature withstood wer 1300 and lZOO l-hout  cycles with- 
out fa i lure ,  respectively. In the  Mach 1.0 butner rig the  above tvo 
systems withstood wet 1400 and 2000 1-h- cycles without f a i l u r e  at 
about 1480' and 1470' C surf ace temperatures, respectively . 
A l l  f a i l u r e s  seem t o  be i n i t i a t e d  through t h e  f o ~ t i o n  of par- 
a l l e l  crack o r  cracks within the  zirconium oxide layer near the  bond 
coating-zirconium oxide layer interface. The external  cracks within 
the oxide layers  on so l id  specimens were a t  900 angles t o  the  bond 
coating v h i l e  those on air-cooled blades were e i the r  at 90' or  a t  
3s0 - 45' angles t o  the  bard coating. 
INTRODUCTI UN 
Thermal ba r r i e r  systems ha-ie been under deve lop~ea t  f o r  many years. 
A t t q t s  have been made t o  use such systems i n  regeneratively cooled 
rocket engines (refs .  1 t o  3), on a i r c r a f t  gas turbine camponents 
(reis. 4 and S), and on air-cooled turbine blades and vanes (ref.  6). 
However, a l l  of these attempts ended with very l i t t l e  overa l l  success 
a t  high temperatures. Furthermore, Nijpjes (ref .  7) evalunted various 
bond and thermal ba r r i e r  coatings and found tha t  Ninxmic 115 a l loy was  
a be t t e r  bond coating than nichroae fo r  calcia-stabilized zirconia. How- 
ever, he reported that  adherence was still a major problem a t  high 
temperatures. 
Most recently, t h i s  author developed a new approach for  improving 
the adherence of thermal ba r r i e r  systems (refs .  8 t o  10). The data  
in  references 8 and 9 showed that Ni-16.2Cr-5.6Al-O.6lY (in vt. X )  bond 
coati- with a Em2-11.6Y203 (in w t .  2) layer  a r e  b e t t e r  than n i c h r a u  
and calcia-stabil ized zircoaia. The Ni-16.2Cr-5.6Al-0.61Y/Zr02-1l.6Y2O3 
system on f l a t  specisens withstood hundreds of 1-haul- cycles between 97s0 
and 280° C without cracking or spallin~. This NiCr~l-O.61Y /ZrOZ-11. 6Y203 
system on air-cooled blades withstood over 200 1-hour cycles in Mach 0.3 
burner r i g  tests a t  surface temperatures up t o  1490' C without cracking 
or  spalling. F u r t h e m r e ,  t h i s  system a l s o  successfully withstood 300 
short  cycles in  a 5-75 engine (ref .  11) and 845 1-hour cycles i n  a Mach 
1.0 burner r i g  at about 1290° C surface temperature (ref .  9) - 
To fur ther  improve the  NiCrAlY/Zr02-Y203 system fo r  aerospace ap- 
p l ica t ion ,  t h i s  study was conducted t o  examine the  e f f e c t s  of yttrium 
concentration i n  the  bond coating and y t t r i a  concentration i n  the  z i r -  
conium oxide layer on t he  thermal ba r r i e r  system adherence and perform- 
ance. These e f f e c t s  on the adherence and performance were studied by 
cycl ic  furnace, cycl ic  na tura l  gas-oxygen torch burner r i g ,  and cycl ic  
Mach 1.0 burner r i g  t e s t s .  
MATERIALS, APPARATUS, AND PROCEDURE 
Materials 
The compositions of plasma spray powders of Ni-Cr-A1-Y (-200 t o  
+325 mesh) and y t t r la -s tabi l ized  zirconla (-200 t o  +325 mesh) a r e  pre- 
sented i n  t ab le  I. The substrates were nickel-base a l loys  - B-1900 
with hafnium (Hf) and conventionally cas t  MAR-M-200 with Hf . The 
cobalt a l loy  MAR-M-509 was a l s o  used. The compositions of these a l loys  
are a l s o  preseated in t ab le  I. The bond and oxide coating c o m p ~ s i t i m s  
throughout t h i s  report a r e  expressed In w i g h t  percent. 
F la t  specimens, 2 .5~1.3~0.25 em, with a l l  corners and edges rounded 
t o  about 0.16 & radius were used i n  cycl ic  furnace tests and 7 .5~1 .3~0 .5  
c a  specimens rowded t o  about 0.25 cm radius were used i n  cycl ic  natura l  
gas-oxygen torch burner r i g  tests. C a s t  0-1900 with no hafnium but 
otherwise the same as B-1900 v i t h  hafnium ( table  I) air-cooled turbine 
blades f o r  a J-75 engine were used Fa cycl ic  na tu ra l  gas-axygen and 
cycl ic  Mach 1.0 burner r i g  tests. These blades, tha t  were previously 
aluminized and exposed in engine operation for 200 t o  500 hours, were 
strippe.' of the aluminide coating before applying the t h e m 1  bar r i e r  
c o a t i y  system. 
Apparatus and Procedure 
Plasma spray coating deposition. - A l l  sample surfaces were g r i t  
- 
blas t  cleaned v i t h  alumina and within 10 minutes the N i C r A l Y  bond coat- 
ing was applied with a plasma spray gun (350 amperes and 27 vo l t s )  t o  a 
thickness between 0.005 and 0.015 cm. The Zr02-Y203 coatings were a l s o  
applied by a plasma spray gun (550 amperes and 32 vo l t s )  within 20 min- 
u tes  of completing the N i C r A l Y  bond coating. Zirconium oxide coatings 
on f l a t  specimens were about 0.038 cm thick while those on air-cooled 
blades were nominally 0.038, 0.055, or 0.065 cm thick. Actual coating 
thicknesses a r e  specified in the f igures.  
Plasma spraying of both coatings was done i n  an open a i r  environ- 
ment using argon as the plasma gas. The plasma spray gun-to-substrate 
distance was maintained a t  about 13 to  15 cms. 
In the  furnace cyc l i c  tests coated specimcas were heated i n  air t o  
e i the r  990° o r  1 0 9 5 ~  C. The cycle in both cases consisted of 6 minutes 
heat-up, 60 minutes a t  temperature, and 60 minutes cooling t o  about 
280° C. Specimens f roa  the  9900 and 1 0 9 5 ~  C tests were rclaoved arid in- 
spected fo r  cracks a t  l e a s t  every 12 cycles u n t i l  v i s i b l e  external  cracks 
appeared i n  the  oxide coatings. The specimens were reaoved from the  
furnace for  inspection a t  temperatures between 350° and 400' C. Because 
of t h i s  arrangement, the  f l a t  coated specimens t h a t  withstood 1500 l-hour 
cycles a t  990' C vere cooled t o  room temperature a t  l e a s t  125 tirnes. The 
temperature i n  the furnace was measured with a platinum - platinum-13 
percent rhodium thermocouple. 
Both f l a t  coated specimens and air-cooled 3-75 blades were tes ted  
i n  the  na tura l  gas-oxygen torch burner rig. The blades were air-cooled 
a t  about 14 - 1 7  gms/second a i r £  low. Both, f l a t  and air-cooled speci- 
mens were held i n  a fixed position. For f l a t  specimens only, two torches 
were used and fo r  air-cooled blades four torches vere used a s  shown i n  
figure 1. 
The cyclic  t e s t s  i n  the Mach 1.0 burner r i g  were conducted on a i r -  
cooled blades only. The blade was held i n  a fixed posi t ion a s  is shown 
i n  f igure  2. The area  of the  hot zone was about 6.5 cm2 along the  lead- 
ing edge. A larger  area on the  pressure s ide  near the  t r a i l i n g  edge was 
a l s o  heated. The t rue  surface temperatures of the  coated blades and 
coated f l a t  specimens in  na tura l  gas-oxygen and Mach 1.0 burner r i g s  
were established by means of ca l ibra t ion  curves obtained by comparing 
the thermocouple bulk and surface op t i ca l  pyr-ter temperatures of 
the  f l a t  coated uncooled specimens as described i n  reference 8. The 
temperature measurement is estimated t o  be accurate t o  about 52 per- 
cent at 1320' C. The substrate temperatures at the  bond coating- 
~ ~ b s t r a t e  in ter face  i n  the  coated air-c(l.clc< t l ades  were measured 
with eabedded Chrcnnel-Aluael thermocouples. 
RESULTS AND DISCUSSION 
Cyclic Furnace Testing 
The adherence and performance of severa l  y t t r ia-s tabi l ized z i r -  
conia c o a t i - ~ o  cmtaininp; between 4.OY2o3 and 24.4Y203 on Ni-base bond 
coatings containing about lKr ,  6A1, and between 0.15Y and 1.08Y ( a l l  
compositions a re  i n  w t .  X )  were studied a t  990° and 1095' C i n  cyc l i c  
furnace tests. 0-1900 with hafnium and i n  some cases E1AR-M-509 coupons 
coated with these syst- were used i n  a l l  furnace studies.  
The above y t t r i a  concentrations i n  zirconia were chosen because 
it has been reported that  about 12Y203 is required t o  achieve t o t a l  
s t ab i l i za t ion  of monoclinic zirconia i n  a cubic phase (ref .  12).  It 
was desired t o  evaluate t h e  e f f e c t s  of y t t r i a  concentrations i n  z i r -  
conia above and below t h i s  level.  The data  obtained i n  these cycl ic  
furnace studies between 990' and 280° C a r e  presented i n  table  XI and 
show that  the performances of thermal ba r r i e r  systems a r e  very depend- 
ent  upon the combined compositioas of the oxide coatings and the bond 
coatings. These data suggest tha t  the l i f e  of t he  thermal b a r r i e r  
system decreases as the  concentration of y t t r i a  i n  zirconia increases 
from 6.2Y203 t o  24.4Y2O3. Decrease of y t t r i a  from 6.2Y203 t o  4.OY2o3 
i n  z i reonia  a l s o  causes a reduction i n  l i f e .  The da ta  fu r the r  suggest 
t ha t  at any one y t t r i a  l e v e l  t h e  l i f e  of t h e  thermal b a r r i e r  system 
decreases a s  t h e  yt t r ium concentration in the  bond coat ing increases .  
The 4.0Y203-stabilized z i r c m i a  coat ing seems t o  be an exception t o  
t h i s  t rend s ince  i ts  l i f e  wi th  t h e  0.15Y bond coat ing is shor t e r  than 
t h a t  with the  0.35Y bond coating. The d a t a  a l s o  show t h a t  6.2Y203- 
s t a b i l i z e d  z i rconia  coat ing on Ni-Cr-A1-Y bond coa t ings  containing be- 
tween 0.15Y and 1.08Y withstood 1500 1-hour cyc les  without f a i l u r e .  
This suggests t h a t  the bes t  oxide coat ing f o r  r e s i s t i n g  cyc l i c  oxida- 
t ion environments might be t h e  y t t r i a - s t  ab i l i zed  z i rconia  containing 
about 6Y 203. 
The oxide coating and t h e  bond coat ing compositions reported i n  
t a b l e  I1 were a l s o  evaluated a t  1095' C and the  r e s u l t s  a r e  presented 
i n  t ab l e  111. Comparing the  da t a  i n  t a b l e s  11 and I11 i t  becomes ap- 
parent tha t  again the  bes t  zirconium oxide coat ing contains  6.2Y203 
and the  bes t  bond coating is Ni-16.4Cr-5.1A1-0.15Y. It is a l s o  appar- 
en t  tha t  the  l i v e s  of thermal b a r r i e r  systems a r e  very s e n s i t i v e  t o  
temperature. Specimens coated with NiCrA1-0.15Y/Zr02-6.2Y203 did  not 
f a i l  a t  990' C a f t e r  1500 l-hour cycles  but a t  1 0 9 5 ~  C they f a i l e d  a f t e r  
only 112 1-hour cycles.  The da t a  i n  t a b l e  I11 f o r  t he  4.OY2o3- 
s t ab i l i zed  z i rconia  coating seem t o  be i n  agreement with those i n  
t a b l e  11. 
To gain some understanding a s  t o  what could be happening, X-ray 
d i f f r a c t i o n  analyses  were performed on the  various oxide coat ings 
before and a f t e r  test ing.  The data  i n  t a b l e  'IV show, a s  expected, t h a t  
by increasing the  nominal y t t r i a  c o n c ~ t r a t i o a  in  spray powder from 
11.5Y203 t o  24.4Y203 the  amount of monoclinic t i r c a n i a  phase decreases 
before and a f t e r  test ing.  A t  t he  l7.4Y2O3 and 24.4Y203 ccmcemtrations, 
excess Y203 was observed both before and a f t e r  tes t ing .  By reducing 
the concentration of y t t r i a  in zircoclia t o  6.2Y203 and 4.OY 0 t he  2 3 
amount of monoclinic zirconia phase present before and a f t e r  t e s t i n g  
increased a s  expected. Thus, t h e  da ta  i n  t ab les  11, 111, end IV indi- 
ca te  tha t  t o  achieve long l i f e  in cycl ic  oxidizing environment tests 
the  oxide coating must contain so= monoclinic zirconia. Furthermore, 
t h e  presence of excess y t t r i a  i n  z i r c m i a  seems t o  adversely a f fec t  
the  l i f e  of the  thermal ba r r i e r  system. 
To obtain a be t t e r  understanding of the  e f f e c t  of y t t r i a  i n  t h e  
zirconium oxide coating and the  yttrium i n  the  bond coating, specimens 
were subjected t o  metallographic examination. The c a p a r i s o n  of the  
microstructures before and a f t e r  t e s t i n g  seems t o  indica te  t h a t  the 
microstructure of the oxide coating has changed very l i t t l e  even a f t e r  
1498 l-hour cycles a t  990' C a s  can be seen by comparing f igures  3(a) 
and (b). The oxide coating i n  f igure  3(a) was thinner than those 
ac tual ly  tested.  There seems t o  be very l i t t l e  change in the  porosity 
of the  oxide coating. Close examination of the  bond coating a f t e r  
1498 l-hour cycles a t  990° C indicated tha t  it was p a r t i a l l y  oxidized 
a s  can be seen i n  f igure  3(b). Examination of the  microetructures of 
specimens exposed t o  a t  l eas t  100 l-hour cycles a t  1095' C showed tha t  
the oxide coating microstructures were not s ign i f i can t ly  d i f fe ren t  from 
those exposed a t  990° C a f t e r  1498 1-hour cycles. However, it was ob- 
served tha t  the  bond coating from the  109S0 C cycl ic  test was umre 
oxidized than the  bond coating from the  990° C test a f t e r  1498 1-hour 
cycles. Furthermore, examination of bond coatings containing various 
concentrations of yttrium suggests that a s  the  yttrium content in- 
creases, the  oxidation of the  e n t i r e  bond coating seems t o  decrease. 
However, it  should be remembered tha t  the thermal ba r r i e r  s y s t e m  
whose bond coatings contain 1.08Y f a i l  s ign i f i can t ly  f a s t e r  than those 
containing only 0.15Y. 
Furthermore, it was found from the  op t i ca l  metallographic examin- 
at ion of microstructures of many specimens, exposed a t  990' and 1095' C ,  
tha t  the  f a i l u r e s  always occurred within t h e  oxide coaring but very near 
the bond coating-oxide coating interface.  Fai lure  occurs due t o  forma- 
t ion  of a small ctack p a r a l l e l  t o  the  bond coating a s  shown i n  f igure  4. 
The presence of such very small cracks was even observed i n  specimens 
that  did not a s  yet have a v i s i b l e  external  crack. Therefore, it  may 
be deduced tha t  the  cracking of the oxide coating i s  i n i t i a t e d  from 
within the  oxide coating near the  bond coating-oxide coating interface.  
The likelihood tha t  cracking w i l l  i n i t i a t e  within the  oxide coating 
near the  bond coating-oxide coating in ter face  is a l so  suggested by t h e  
data reported by Levine ( ref .  13). He studied the adhesive/cohesive 
strength of a NiCrA1Y/Zr02-12Y30 thermal ba r r i e r  system and found 
that  the  f a i l u r e s  occurred within the oxide coating near the bond 
coat ing-oxide coating interface.  
From the  photomicrographs i n  f igu res  3 and 4 it  is  apparent t h a t  
t h e  subs t r a t e s  have a d i f fus ion  zone near t he  substrate-bond coat ing 
in te r face .  In  t h e  B-1900 with Hf (f ig .  3(b)) it is believed tk t  the  
subs t r a t e  was depleted of a2uminum o r  the  y '  phase. This is  very 
similar t o  the  behavior encountered by Barrett a d  Lowell ( re f .  14). 
The d i f fus ion  zone i n  MAR-M-509 has no almiaum and therefore  t h i s  
zone could be formed through the  d i f fus ion  of tungsten, chromium, car-  
bon, and/or n i cke l  i n  the bond coating. Further evaluat ion must be 
made t o  determine exac t ly  what elements a r e  being depleted. The ef -  
f e c t  of t h i s  element d i f fus ion  and t h e  presence of t he  d i f fus ion  zone 
on the  l i f e  of the thermal b a r r i e r  system sti l l  remains t o  be evaluated. 
Cyclic Natural Gas-Oxygen Torch Burner Rig 
Test ing of F l a t  Specimens 
To expose f l a t  coated specimens t o  g rea t e r  thermal shocks than 
those possible  i n  t he  furnace t e s t s ,  t he  two-layered thermal b a r r i e r  
systems were a l s o  t e s t ed  i n  na tu ra l  gas-oxygen to rch  burner rigs s imi l a r  
t o  t h e  torch burner r ig  in f i gu re  1. In such r i g s  which use two torches  
t o  heat the specimen from two s ides  the des i red  temperature was normally 
reached i n  l e s s  than 3 minutes, t he  specimen was exposed f o r  60 minutes 
a t  temperature, and cooled t o  about 100' C in l e s s  than 5 minutes. The 
t e s t  d a t a  a r e  presented in t a b l e  V. The da t a  again show t h a t  as t h e  
yt t r ium concentration i n  t h e  bond coating and y t t r i a  concentration in  
t h e  oxide coating increase,  t he  l i f e  of the  thermal b a r r i e r  system de- 
creases .  However, again t h e  4.0Y203-stabilized zirconium oxide coating 
f a i l e d  f a s t e r  than the  6. 2Y203-stabilized z i rconia  coating. These da t a  
a r e  i n  complete agreement with the  da t a  reported i n  t ab l e s  I1 and 111. 
The da ta  again show tha t  in the  torch burner r i g  t e s t s  the  best thermal 
b a r r i e r  system is the  ~i-16.4~r-5.1~1-0.15Y/Zr0~-6.2Y~O~ system which 
is  about twice a s  good at the Ni-17.OCr-5.4A1-0.35Y/7.9Y 0 aqd 
Ni-16.4Cr-5.1A1-0. 15Y/zr02-4. 0Y2O3 thermal b a r r i e r  systems. The da t a  
i n  t a b l e  V show t h a t  t he  bes t  thermal b a r r i e r  system mentioned above 
withstood over 790 1-hour cyc les  under these severe thermal conditions.  
A l l  of the  various thermal b a r r i e r  systems s tudied i n  the  na tu ra l  
gas-oxygen torch burner r i g  f a i l e d  i n  t h e  same manner - cracking within 
the  oxide coating near the  bond coating-oxide coating in t e r f ace  - a s  
tho: 2 i n  t he  cyc l i c  furance t e s t s  except f o r  t he  4.OY 0 - s tab i l ized  2 3 
z i rconia  coating. Cracks a t  about the  middle of the oxide coat ings 
were a l s o  observed ( f ig .  5) and although such cracks sometimes did not  
sur face  they d id  continue inward t o  t he  p a r a l l e l  crack within t h e  oxide 
coating neer the  bond coating-oxide coating in t e r f ace .  The 4.OY2O3- 
s t ab i l i zed  zirconia coating f a i l e d  not only by formation of a crack but 
in addi t ion was observed t o  become powdery along t he  edge cf thc  hot 
zone. 
Cyclic Natural Gas-Oxygen Torch Burner Rig Test ing 
of Air-Cooled Blades 
To expose the thermal b a r r i e r  systems not 02% to even grea te r  
thermal shock but a l s o  t o  g rea t e r  temperature grad ien ts  through and 
along the  sur face  of the oxide coat ing,  air-cooled coated 5-75 engine 
blades were t e s t ed  i n  the  na tu ra l  gas-oxygen torch burner r i g  shown i n  
f igure  1. Three kinds of bond coat ings and three  kinds of oxide 
coat ings were evaluated. The t e s t  da t a  a r e  presented i n  f i gu re  6. 
These da ta  aqain suggest t h a t  l i f e  increases  when y t t r i a  concentration 
i n  t he  zirconium oxide coat ing and t h e  yt t r ium concentration i n  t h e  
bond coat ing decrease. This is apparent from the d a t a  represented by 
t h e  f i r s t ,  t h i r d ,  and four th  bars  i n  f i gu re  6. This trend under more 
severe condit ions is  i n  agree=nts with the  trend observed i n  the  
cyc l i c  furnace tests. It is a l s o  apparent from the  d a t a  i n  f i gu re  6 
t h a t  t he  thickness of t3e thermal b a r r i e r  coat ing is very  important. 
A s  the  thickness of t he  thermal b a r r i e r  c m t i n g  increases  t he  subs t r a t e  
temperature decreases,  a s  shown by the  da t a  represented by the  first 
two ba r s  in f i gu re  6. Decreasing t h e  subs t r a t e  temperature from 950' 
t o  895' C increased the  l i f e  of the thermal b a r r i e r  coat ing from 480 
t o  1120 1-hour cycles.  It is believed t h a t  t he  yt t r ium d i f fus ion  i n  
t he  bond coating toward the  thermal b a r r i e r  coat ing and t h e  r a t e s  of 
oxidation and degradation of the  bond coating a r e  smaller a t  the  lower 
temperature. Furthermore, the  s t r e s s e s  within t h e  oxide coating a t  o r  
near t he  oxide coating-bond coat ing in t e r f ace  a t  lower temperature a r e  
smaller than those a t  the higher temperature. 
The oxide coat ing f a i l u r e s  on t h e  air-cooled 5-75 blades were very 
similar t o  those encountered with the  uncooled coated f l a t  specimens i n  
t h e  cyc l i c  furnace and na tu ra l  gas-oxygen torch burner . ig  t e s t s .  Such 
f a i l u r e s  occurred within the hot zone with the aopearance of one o r  more 
cracks. Oxide coatings on 3-75 blades f a i l ed  i n  one of two ways as is 
shown i n  f i gu re  7. A h a i r l i n e  crack would occur on the  leading edge a s  
shown i n  f i g u r e  7(a). Normally, t h i s  crack is j u s t  about perpendicular 
t o  the crack or cracks v i tk ie  the  axide them barrier  coating near 
the bond carting-thermal barrier cortia,g interface. The second type 
of fa i lu re  o b s ~ a i  in coated 5-79 blades was the f o r u t i o n  of a crack 
betveen a Sf0 t o  45O w e  t o  the bond coating-oxide coatiag interface 
as s b  fa figure 7(b). Thif a c ~ t t  angle crack no&lp forred 
tamrd the suctior: side o i  the blade. Very f e w  blades had both types 
of cracks present. In a W t  all cases neither type of a crack pene- 
trated a l l  the  way thraugh the them barrier  coating t o  the bond 
coating. However, it was observed tha: such paral le l  cracks tbat  
formed vithin the oxide coating near the bmd coating-oxide coating 
interface, as i l lus t ra ted in figure 7, 8-d t o  touch this interface 
as shava ia figure 7(a). 
The Zr02-4.0Pf13 coating on 5-75 blades bee- powdery along tk 
edge of the hot zone. Pavderhg usually occurred a f t e r  about 150 
l-hour cycles a t  about 1550~  C surface temperature. A r o d  the hot 
+me the powder eroded and the oxide coating-free area increased in  
width un t i l  a t  the end of 200 1-hour cycles it was about 1 cm wide in 
s w  places. -Uter 200 1-hour cycles t h i s  oxide coating also developed 
a small crack vi thin  the hot zone. It is believed tbat  t h i s  k b v i o r  
is due t o  the stresses along the edges of the hot zone and because the 
4.0Y203-stabilized t i rcoaia  thermal barrier coating is closer in  its 
properties to pure zirconia. Pure zirconia bodies w i l l  turn into  povder 
after being cycled repeatedly through the mnoclinic-tetragonal phase 
transformation testperature. 
Cyclic Hach 1.0 hrau Rig Life Testing 
m r n l  burrier systems arc ptojectd  fer use irr jet q i n e s  at 
very Uth t-aturm. Pot this rcuwa it u u  decided to also evalu- 
ate the thermal lmr r iu  s p t r u  in 8 lkch 1.0 burner rQ where the test 
conditiatm are c?otar t o  the thurrl c d i t i a p .  --tared La jet 
mes than in ocher test* equipment previously described. Of par- 
ti& interest were the higb gas velocity .ad the =re rapid thermal 
traatsicat effects. 
A11 surface temperatures up t o  15700 C were reached vithin #I 
seeads rad specirens cooled t o  less tban 75' C substrate t e r a t u r e  
within 20 seccmds. Cyclic test- in the LlPcb 1.0 burner rig was done 
osr three thermal barrier systems. T& data in figure 8 sbat tht in 
Mach 1.0 burner r i g  tests the oride coatings vithstood severe temper- 
ature gradients (up t o  600O C through the oxide coatings) for hundreds 
of ldour cycles before a crack appeared in the hot zone. Furthermore, 
there are large terperature gradients alarg the surface of the thermal 
' a r r ie r  coated blade as  cun be seen by the colors of the blade exposed 
to  the stream of the hot gas in figure 2. H o w e v e r ,  in spi te  of tbese 
very large temperature gradients through the coating aud along the 
surface of the coating, a l l  of the coated blades vithstaud hundreds 
of l-hour cycles. 
The data in  figure 8 represented by the f i r s t  and second bars 
again confirm that the yttrium colrceutratlon in  the bond coating and 
yttr ia  concentration ie the zirconium oxide coating have very signi- 
ficant effects on t he  l i f e  of the thermal barrier system. Decreasing 
yttrium concentration from 0.61Y t o  0.3SY and l o w r i n g  the  y t t r i a  con- 
centrat ion in  the  zirconium oxide coating from 11.5Y203 t o  7.9Y203 re- 
sul ted  i n  an increase i n  l i f e  from about 850 t o  2000 1-hour cycles. 
Even a£ t e r  2000 1-hour cycles no f a i l u r e  was observed fo r  the Ni-17.0Cr- 
5.4A.l-0.3!X/ZrO -7.9Y2Q3 thermal b a r r i e r  system The data i n  f igure  8 
represented by the  t h i r d  bar show t h a t  the  N i - 1 6 . 4 C r - 5 . 1 ~ 1 - 0 . l S Y / ~ ~ -  
7.9Y203 t h e m 1  ba r r i e r  system withstood over 1400 l-hour cycles with- 
out f a i l u r e  md ,  rherefore, i n  t h i s  type of t e s t  t h i s  thermal ba r r i e r  
system is a l s o  be t t e r  than the o r ig ina l ly  developed NiCrA1-0.61Y /Zr02-  
l l .nt203 thermal ba r r i e r  system. Comparison of the  data represented 
by the  secm.a, fourth, and f i f t h  bars  in f igure  8 c lea r ly  shows tha t  
a s  the  surface temperature increases and generally the  subs t ra te  tem- 
perature increases, also,  the l i f e  of the  thermal ba r r i e r  system de- 
creases rapidly. The fourth bar shows shorter  l i £  e a t  a high surface 
temperature but a t  s l i g h t l y  cooler subs t ra te  temperature. This thermal 
barr ier  system (fig. 8, bar 4) may have fa i l ed  prematurely o r  the  sub- 
s t r a t e  temperature may not have been a s  low a s  indicated. 
The aa ta  previously reported i n  references 8 and 9 showed tha t  i n  
Mach 0.3 burner r i g  tests conducted a t  high fue l  t o  a i r  r a t i o  t o  achieve 
high temperatures, the gas stream contained s ign i f i can t  quan t i t i e s  of 
carbon. Here, the  zirconium oxide coating experienced rapid reduction 
i n  oxide coating thickness, up t o  50 percent of o r ig ina l  thickness within 
0 
some 246 1-hour cycles a t  1410 C surface temperature. In a l l  the t e s t s  
performed in the na tura l  gas-fired Mach 1.0 burner r i g  no s igni f icant  
reduction in oxide coating thickness was observed. In f a c t  some increase 
in the thermal barrier coating thickuess w a s  noticed. In  the  U t t e r  
case i t  vas found that  thc oxide contings were cowered by about 0.005 
cm of i roa  oxtdes, and when t h i s  occurred sow part ic les  from the 
oxide coating surface broke away upon thermal cycling. Therefore, it 
is l ikely  that  iron oxides reac: with the zirconium oxide coating and 
thus contribute t o  t h i s  localized spalling. For this reason such re- 
a c t i m s  could becare a major coating problei in gas streams highly 
contaminated with iron oxides. hrtherrore, since i n  the  Mach 1.0 
burner r i g  tests no significant redtlction i n  oxide coating thichess 
was observed, the l i f e  of the originally developed ~iCr~l-0.61Y /zr02- 
11.5Y2O3 thermal barr ier  system increased f r a  about 246 l-hour cycles 
in the Mach 0.3 burner r i g  (refs. 8 and 9) t o  about 850 l-hour cycles 
ia the Xach 1.0 burner r i g  before a s a a l l  crack occurred vithiD the 
hot zone (fig. 8, bar 1). The fa i lu re  mechanisas in these two enviroa- 
parts were different.  
Tbe fa i lu res  in the themal  barrier  systems an air-cooled 5-75 
blades in the Mach 1.0 burner r i g  occurred i n  a manner similar t o  those 
in the natural gas-oxygen torch burner rig. Para l le l  cracks occurred 
within the oxide coating near the b o d  coating-oxide coating interface, 
The f i r s t  crack on the surface was e i ther  perpendicular t o  or a t  35' 
t o  45' angle t o  t h i s  paral le l  crack. These cracks were similar t o  
those shown i n  figures 7 (a) rrnd (b) . 
SUMMARY OF RESULTS 
Thennal barrier  systems of various co~tpositions were studied in 
cyclic furnace tes ta  betweem 990' and 280' C and between 1095' and 280' C; 
i n  cycl ic  natural  gas-oxyges torch burner r i g  tests between l20O0 and 
100' C on f l a t  uncooled specimens and up t o  1 5 5 0 ~  C surface temperature 
on air-cooled specimens; and i n  cyclLc Hach 1.0 burner r i g  tests up t o  
1 5 7 0 ~  C surface t-perature on air-cooled specimens. The Ni-Cr-AT-Y 
boad coating vas n d n a l l y  Ni-16Cr-6Al with yttrium concentrations be- 
tween 0.15 and 1.08. The zirconium oxide coatings contained between 
4.0 and 24.4Y203 (a11 concentrations are in wt .  X ) .  The r e s u l t s  from 
t h i s  study showed that :  
I. The best l i f e  i n  the  990' C furnace tests was obtained with 
Nf-16.4Cr-5.M-0.15Y bond-coating with 6.2Y203-, o r  7.9Y203-stabilized 
zirconia coatings. Both of these systems withstood 1500 1-hour cycles 
without cracking or spalling. In the  1095' C furnace tests the  best 
coating system was Ni-l6.4Cr-5.1Al-O.l5Y/ZrO -6.2Y203 which withstood 
112 l-hour cycles. I n  contrast ,  the  24.4Y203-stabilized zirconia coat- 
ing with che same bond coating vithstood only 535 1-hour cycles t o  
990' C and only about 42 1-hour cycles t o  1 0 9 5 ~  C. 
11 the natural  gas-oxygen torch burner r i g  t e s t s  the  best thermal 
barr ier  system was again Ni-16.4Cr-5.lA1-0. 15Y/Zr02-6. 2Y203 followed 
closely by Ni-17.0Cr-5.4A1-0.35Y/Zr02-6.2Y 0 , and ~i-16.4Cr-5.1~1-0.15Y/ 2 3 
Zr02-7.9Y203 which withstood over 790, 620, and 580 1-hour cycles t o  
1200' C, respectively. In comparison a thermal ba r r i e r  system, NiCrA1- 
0.61Y/Zr02-11.5Y203, closely approximating the best or ig inal  system, 
withstood ocly 157 1-hour cycles t o  1 2 0 0 ~  C. On air-cooled blades, the  
Ni-17.OCr-5.4A1-0.35Y/Zr02-7.9Y203 and Ni-16.4Cr-5.1A1-0.15Y/Zr02-6.2Y203 
thermal barr ier  systems a t  1550° C surface temperature withstpod some 
1500 and 1300 1-hatr cycles, respectively. No f a i l u r e  was observed. 
w i n ,  the  originally developed NiCrA1-0.61Y/2rO -11.5Y203 thermal 
barrier  systu fai led a f t e r  1120 1-hour cycles a t  1390' C surface 
temperature. 
In the Mach 1.0 r i g  tests the! IiCrA1-0.35Y and NiCrA1-0.15Y bond 
coatings with a Zr02-7.9YS3 coating vithstood over 2000 1-hour cycles 
at a 16700 C surface t e w r a t u r e  and over 1400 X-hour cycles a t  a 
1480° C surf ace temperature without fa i lure ,  respectively . 
2. The data show that  i n  order t o  obtain long thermal barr ier  
system l i f e  the y t t r i a  cmcentration in the zirconium oxide coating 
should be between 6 and 8w/o. Whenever no monoclinic zirconia phase 
is present andlor f ree  y t t r i a  is  present in y t t r i a  stabil ized zirconia 
containing 12Y203 or m r e ,  then the oxide coat* w i l l  f a i l  very rap- 
idly. The data a l so  show that  the perfoteance of the thermal barr ier  
system is very sensit ive t o  the concentration of yttriurs in the bond 
coating. Those bond coatings that  contained about 1.08Y fai led rapidly 
a s  compared t o  those that  contained 0.1SY or 0.35Y. The best bond 
coating compositions were Ni-16.4Cr-5.1A1-0.15Y and Ni-17.OCr-5.4A1- 
0.3M. 
3. The l ives  of thermal barrier  systems are  very sensit ive t o  
substrate temperature. It seems that  a s  the substrate temperature 
increases the l i f e  of the thermal barr ier  system decreases. 
4. The data from the natural gas-oxygen torch burner r i g  and 
the Mach 1.0 burner r i g  t e s t s  show that  the NiCrAl-O.1SY/ZrO2-7.9Y203, 
NiCrA1-0. 15Y/Zr02-6. 2Y2O3, and NiCrA1-O.35Y /Zr02-7. 9Y203 thermal barrier  
systems can withstand very l a rge  tesmperature gradients  along the  sur- 
face and through the  oxide c o a t h g s  (up t o  600' C). These large tem- 
perature gradients  did not  cause cracking o r  spal l ing  aver hundreds of 
1-hour cycles. 
5. A l l  thermal ba r r i e r  system f a i l u r e s  appear t o  have originated 
with t h e  f o r r ~ t i c m  of a crack o r  cracks v i t h i n  t h e  oxide coating near 
the  bond coating-oxide coati* interface.  The external ly  v i s i b l e  
cracks in the  oxide coatings on t he  air-cooled coated blades traversed 
the  oxide coating a t  90' o r  between 3s0 and 45' angles t o  the  cracks 
pa ra l l e l  t o  and near the  bond coating-oxide coating interface.  
6.  No appreciable reduction i n  oxide coating thickness w a s  ob- 
sewed in the  Hach 1.0 burner r i g  tests. The localized surface spal l -  
ing tha t  did occur was observed t o  occur when iron oxide w a s  deposited 
on the  surface of the  oxide coating. It is believed tha t  i ron oxide 
reac t s  with zirconium oxide and causes small p a r t i c l e s  t o  s p a l l  from 
the surface. 
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TABLE I - TYPICAL GOM'WITIONS OF SPRAY POUDEBS AND SUPEBAUOY SOBSTIUTES. 
aAlumintmr, chrdum, and yttrium concentrations for various bond coatings u8ed are  givto in 
tables presenting e x p e r k t a l  data. 
. 
E l t a c a t  
Al 
a 
C 
Ca 
Co 
C r  
Cu 
Fe 
H f 
A 
Li 
% 
Hn 
Bfo 
Na 
Nb 
N i  
O2 
P 
Pb 
S 
Si  
Sr 
Ta 
T i  
v 
w 
Y 
Zn 
Zr 
C ~ t t r i a  concentrations for various yttria-stabilized zirconlas used are specif led in  tables 
presenting experimental data. 
Cobalt-bue substrate 
MAR*-509 
blJD 
<o. 301 
.63 
.001 
kj or 
23.64 
c.001 
.58 
.O1 
.001 
.001 
.001 
c.01 
.005 
.001 
.005 
10.62 
ND 
ND 
.005 
< . O l  
.22 
ND 
3.77 
.16 
.69 
6.96 
ND 
C.05 
.53 
Co~position, v t  2 
Bond coating T~BS-1 barr ier  oxides Wickel-bare suustrate 
B-1900 + Hf 
.4.9 - 5.5 
<.Wl 
.007 
HD 
.034 
a16.3 - 17.0 
-014 
.MI. 
<. 01 
c.001 
<. 001 
<. 001 
-011 
< . 005 
c.001 
.039 
Major 
,022 
0.009 
e.001 
SD 
-031 
<. 005 
ND 
ND 
-047 
.022 
c.001 
c.001 
036 
<.001 
<.005 
2.001 
.005 
.005 
ND 
0.009 
<.001 
ND 
.055 
<.005 ' 
ND 
ND 
.338 
1.60 
< .001 
< .001 
.030 
c.001 
< .005 
c.001 
.005 
.027 
ND 
6.17 
<.w3 
.008 
<.001 
10.43 
8.24 
<.a2 
.06 
1.22 
c .001 
<.001 
c.001 
C.001 
5.79 
< .001 
<.005 
Major 
ND 
ND 
<. 005 
<. 01 
c.01 
ND 
4.13 
ND 
< .001 
.01 
ND 
<. 05 
.07 
.01 
HD 
.01 
.082 
. O 1  
K.05 
.012 
.031 
<. 01 
'0.13 - 1.1 
C.05 
ND 
HD " 1 :  
ND 
-057 
. 01 
.02 
045 
< .001 
< .005 
c3 - 20 
<.05 
l4aj or 
ND 
-044 
-01 
.02 
-015 
< .001 
c. 005 
'6 - 20 
c.05 
Major 
TABLE 11 - THE EFFECT OF YTTRIUM CONCENTRATION I N  TEE BOND COATING AM) YTTRIA 
CONCENTRATION IN TEE THERMAL BARRIER COATING ON THE PERFO-CE OF A 
TWO-LAYERED TE~ERHAL BARRIER msTm AS DETERHMED BY CYCLIC FURNACE 
TESTING BET'- 990° and 28U0 ca 
Bond coating : Thermal barrier coazing ; Cycles t o  
Thickness, Compo~itioa , Thi ckness,: f ailureb 
wt % an w t  X cm 
I I 
5-1900 alloy with 2 wet ht ercent Hf was u8e.d as  a substrate material; 
specimens were about 2.!xl.!x0.25 cm. A minimum of two specimens were 
run per each t e s t .  
b ~ y c l e  consisted of 6 minutes heat up, 60 minutes a t  temperature, 60 minutes 
cooling t o  about 280° C.  Test stopped whenever a crack occurred. Specimens 
inspected every 12 cycles. 
'NO fa i lure .  
b~ycle consisted of 6 minutes heat up, 60 minutes at temperature, 60 minutes 
cooling to about 280° C. Test stopped whenever a crack occurred. Specimens 
inspected at least once every 12 cycles. 
TABLE IT1 - THE EFFECT OF YTTRIUM CONCENTRATION IN THE BOND COATING AND YTTRIA 
CONCENTRATION IN THE THERMAL BARRIER COATING OK THE PERFORMANCE OF 
TWO-LAYERED THERMAL BARRIER SYSTEM AS DETERMINED BY CYCLIC 
FURNACE TESTING BETWEEN 1095~ and 280' ca 
Bond coating ; Thermal barrier coatiag / 
Composition, I Thickness, / Cornposit ion, Thi ckriess, Cycles to 
wt % 
Ni-16.4Cr-5.1~41-3.15Y I Ni-17.OCr-5.4Al-0.35Y Ni-16.3Cr-4.9A1-0.61Y 1 Ni-16.6Cr-5.5A1-1.08Y 
i Ni-16.4Cr-5. U1-0.15Y Ni-17.OCr-5.4A1-0.35Y 
Ni-16.33-4.9A1-0.61Y 
Ni-16.6Cr-5.5A1-1.08Y 
cm i w t X  cm 1 failureb i 
t 
80 . 
82 
52 
41 
112 
88 
70 
58 
82 
lo2 7 i 
66 
74 
67 
64 
38 
42 
4 4 
20 
18 
2 3 
18 
18 
I ! 
0.010 Zr02- +.0Y2O3 1 0.042 
.010 -4.0YzO31 .038 I .009 - 4.OY2O3 .037 .010 - 4.W203 1 ,041 
1 
I 
aB-1900 alloy with about 2 weight percent Hf was used as a substrate materia;; 
specimens were about 2.5x~.3x0.25 cm. A minimum of two specimens were run 
per each test. 
0.010 
.011 
.010 
.010 
Ni-16.4Cr-5.lA1-0.15Y I 0.012 
Ni-17.OCr-5.4A1-0.3SY 1 .014 
Ni-16.3Cr-4.9A1-0.61Y/ .012 
Ni-l6.6Cr-5.5A1-1.08Y I ,011 
Ni-16.4Cr-5.1A1-0.15Y i 0.011 
Ni-17.OCr-5.4A1-0.35Y ' .013 
Zr02- 6.2Y203 ' 0.040 
Zr02- 7.9Y203 1 0.042 
Ni-16.3Cr-4.9A1-0.61Y 
Ni-16.6Cr-5.5A1-1.08Y 
Ni-16.4Cr-5. L41-0.15Y 
Si-17.OCr-5.4A1-0.35Y 
Ni-16.3Cr-4.9A1-0.61Y 
Ni-16.6Cr-5.5A1-1.08Y 
Ni-17.OCr-5.4A1-0.35Y 
Ni-16.3Cr-4.9A1-0.61Y 
Nf-16.6Cr-5.5A1-1.08Y 
- 6.2Y203 
- 6.2Y203 
- 6.2Y203 
- 7.9Y203 
- 7. 9Y203 
- 7.9Y203 
Zr02-11. SY203 
-11. 5Y203 
-11. 5Y203 
-1 1. 5Y203 
Zr02-17.4Y203 
:17. 4Y203 
-17 4Y203 
-17. 
Zr02-24.4Y203 
-2 4 4Y203 
-24. 4Y203 
.012 
.012 
0.013 
.012 
.014 
.011 
0.010 
.Oll 
.012 
- 
,038 
.038 
.043 
,044 
.044 
.039 
0.044 
,039 
.039 
,043 
0.038 
,030 
.046 
.036 
0.040 
,039 
,035 
TABLE I V  - THE REU-TIONSHIP BETWEEN THE PHASES PRESENT I N  THE THERMAL BARRIER COATING AND THE PERFORMANCE 
OF THE TWO-LAYERED T m  BARRIER SYSTEM CONSISTING O F  Ni-17.Ow/oCr-5.4w/oAl-O.35w/oY BOND COATIN'J AND 
YTTRIA-STABILIZED ZIRCONIA AS GETERMINED BY CYCLIC FURNACE TESTING BETWEEN 9900 a d  2700 c a  
! 
Zr02- 4. 0Y203 / Major I Major None \ M a j o r  I Major 1  one 1482 , 
I I 
Thermal b a r r i e r  coating 1 Phases present before t e s t i n 8  
, compos i t ion ,wt% ' Cubic I Monoclinic Y2°3 Phases resent  a f t e r  t e s t i n n  Cycles t o  Cubic'+onoclinic I Y f a i lu reb  
Zr02 -  6.2Y203 
1 Z r 0 2 -  7 .  9Y203 
aB-1900 a l l o y  with H f  was used a s  a subs t ra t e  mater ia l ;  specimens were about 2 . 5 ~ 1 . 3 ~ 0 . 2 5  cm. A min- 
imum of t~ specimens were run par each t e s t .  A t  l s a s t  two samples per each composition were analyzed 
by X-ray d i f f r ac t ion .  
I ZrO2-24.4Y2o3 Major W Minor 
0 b ~ y e l e  c m s i s r e d  of 6 minute heat  up, 60 minutes a t  temperature, 60 minutes cooling t o  abcat 270 C. 
Test stopped whenever a crack occurred. 
Major 
Major 
Major 
Major 
C V very; W = very, very. 
Minor Major 
%SO f a i l u r e .  
Maj or-minor None Major 
Minor None 
c 
V ninorC I V Minor 
None 
Minor 
V Minor 
W Minor 
None W Minor 
Minor 248 
None ' d1500 , 1 
None ' d1210 1 
None 
Minor 319 : 
\ 
i Minor ; Major 
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SURFACE KW€RATURE. 
Figure 8. - Pcrbfnunce of various thermal barrier colting systems in h%h 1.0 burns rip 
